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ABSTRACT
We present an analysis of the 4 − 2600 µm spectral energy distributions (SEDs) of the west and
east nuclei and the diffuse infrared (IR) region of the merger-driven starburst Arp 220. We examine
several possible source morphologies and dust temperature distributions using a mixture of silicate and
carbonaceous grains. From fits to the SEDs we derive dust masses, temperatures, luminosities, and
dust inferred gas masses. We show that the west and east nuclei are powered by central sources deeply
enshrouded behind ∼ 1026 cm−2 column densities of hydrogen with an exponential density distribution,
and that the west and east nuclei are optically thick out to wavelengths of ∼ 1900 and ∼ 770 µm,
respectively. The nature of the central sources cannot be determined from our analysis. We derive star
formation rates or black hole masses needed to power the IR emission, and show that the [C II]158µm
line cannot be used as a tracer of the star formation rate in heavily obscured systems. Dust inferred
gas masses are larger than those inferred from CO observations, suggesting either larger dust-to-H
mass ratios, or the presence of hidden atomic H that cannot be inferred from CO observations. The
luminosities per unit mass in the nuclei are ∼ 450, in solar units, smaller that the Eddington limit of
∼ 1000− 3000 for an optically thick star forming region, suggesting that the observed gas outflows are
primarily driven by stellar winds and supernova shock waves instead of radiation pressure on the dust.
1. INTRODUCTION
Arp 220 is the ongoing merger between two
galaxies (Joseph & Wright 1985; Armus et al. 1987;
Sanders et al. 1988). Observations with the Infrared As-
tronomical Satellite (IRAS) showed it to be an ultra-
luminous infrared galaxy (ULIRG) with a luminosity
of about (1 − 2) × 1012 L⊙ (Rangwala et al. 2011).
Spectral observations with the Infrared Space Obser-
vatory (ISO) showed a lower [C II]-to-IR luminosity
ratio in ULIRGs, compared to normal star forming
galaxies (Luhman et al. 2003). One of the explana-
tions for this [C II] deficit is that Arp 220 is optically-
thick at far-infrared (FIR) wavelengths (Fischer et al.
2014, and references therein). Near-infrared (NIR)
2.2 µm images revealed that the galaxy comprises two
dusty nuclear systems embedded in a more diffuse dusty
medium (Graham et al. 1990; Soifer et al. 1999, Hub-
ble/NICMOS). High spatial resolution with the At-
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acama Large Millimeter Array (ALMA) of the CO
lines and continuum emission provided new insights
into the gas dynamics, and the infrared (IR) luminosi-
ties and dust contents of the two nuclei, designated
Arp220 West and Arp220 East (Rangwala et al. 2011;
Wilson et al. 2014; Scoville et al. 2017; Wheeler et al.
2020). The ALMA continuum observations suggest
that Arp 220 West is optically thick at 2600 µm
(Scoville et al. 2017).
The energy sources powering the IR emission could
either be bursts of intense star formation activity or
active galactic nuclei (AGN). X-ray and radio contin-
uum observations suggest that the IR luminosities are
powered by intense star formation activities. Deep 0.5–
8 keV band Chandra images of the inner 5′′ region and
the detection of extended highly-ionized Fe XXV line
emission show the presence of outflows of hot thermal
gas, presumably from merged supernova (SN) shocks
and hot stellar winds (Paggi et al. 2017). Corrobora-
tive evidence is derived from high resolution observa-
tions of radio continuum emission, predominantly syn-
2chrotron emission attributed to expanding supernova
remnants (SNRs) (Barcos-Mun˜oz et al. 2015). However
the IR luminosity that can be attributed to star for-
mation is constrained by the Eddington limit. Above
a limiting luminosity surface density, radiation pressure
on the dust will provide a feedback that reduces the
star formation activity of the region. Any luminosity
above this limit must then be powered by an AGN
(Scoville 2003; Thompson et al. 2005; Iwasawa et al.
2005; Veilleux et al. 2009; Nardini et al. 2010; Contini
2013). In addition to the origin of the IR emission, the
detailed properties of the two nuclei, their physical sizes,
luminosities, gas and dust dust masses, as well as the in-
ferred star formation rates (SFR) span a wide range of
values, are yet to be determined.
In this paper we provide a detailed study of the dust
masses and IR luminosities of the two nuclear systems
and the ambient diffuse gas in Arp 220 in order to shed
light on some of these open issues. Previous models of
the IR continuum emission reproduced the peak emis-
sion of the galaxy, but did not model the separate con-
tributions of the nuclei and the diffuse emission from the
galaxy, or its silicate absorption feature (Contini 2013,
and references therein). Here we model the FIR SEDs
of the two systems, as well as that of the diffuse circum-
nuclear medium over the entire ∼ 4 − 2600 µm wave-
length region. We also use physical dust properties to
derive the dust masses and compositions. Since there is
strong evidence to suggest that the two nuclei are op-
tically thick out to far-IR wavelengths, we used simple
models consisting of smooth distributions of dust and
a predetermined temperature distributions to fit their
observed SEDs. Our underlying assumption is that the
dust temperature profiles in the nuclei are in a steady
state that is determined by a balance between the ab-
sorption and reemission of the ambient radiation from
any embedded stellar sources or a central BH. Models
are characterized by different gas morphologies and dust
temperature distributions and compositions.
The paper is organized as follows. In Section 2 we
summarize the relevant observational constraints on the
nuclear and diffuse components of the galaxy. The
model used to fit their SEDs and to derive their phys-
ical properties is described in Section 3. In Section 4
we present the model results, and a discussion of their
astrophysical implications is given in Section 5.
In our calculations we adopted a redshift of 0.018 to
the galaxy (Ohyama et al. 1999), a Hubble constant of
70 km s−1 Mpc−1, a value of Ωm = 0.30, and a flat uni-
verse. The resulting luminosity and angular diameter
distances to Arp 220 are 79 and 76 Mpc, respectively.
An angular size of 0.1′′ then corresponds to a linear dis-
tance of 37 pc.
2. OBSERVATIONAL CONSTRAINTS
Observations of the continuum and CO lines emis-
sion have provided important information on the size,
the dynamical mass, and the mass of the CO gas
and the dust. The high-resolution ALMA observa-
tions of the kinematics of various CO, and HCN lines
(Scoville et al. 2017; Wheeler et al. 2020) provided im-
portant constraints on the dynamical masses and phys-
ical dimensions of the two nuclei. Using an asymmetric
disk model, Wheeler et al. (2020) derived nominal gas
masses of 1.9× 109, and 8× 108 M⊙ for Arp 220 West,
and East, respectively. For a dust-to-H mass ratio
ZdH = 0.007, the nominal value for the local diffuse
ISM (Zubko et al. 2004), these gas masses translate to
dust masses of 1.3×107, and 5.6×106 M⊙, respectively.
In their analysis, Wheeler et al. (2020) assumed that
the density profiles of the disks fall off exponentially,
with scale heights a, b in radius and height. The val-
ues of {a, b}, in pc, derived in their analysis were
{15.5, 35} and {45, 20} for, respectively, the west and
east nuclei. An exponential sphere containing the same
mass as the disks will have an effective radius given by
R = 0.8(a2 b)1/3 = 16 and 27 pc for the two nuclei,
respectively. For comparison, the continuum 2600 µm
observations of Scoville et al. (2017) suggested that the
approximately spherical distribution of the dust emis-
sion from the western nucleus extends out to a radius of
74 pc, whereas the emission from the eastern nucleus is
more elongated, extending to a radius of about 111 pc.
Using the nominal values of {Md, R} of {1.3 ×
107, 16} and {5.6 × 106, 27} {M⊙, pc}, and a value of
κ(2600 µm) ≈ 0.05 cm2 g−1, we get radial optical depths
of τ(2600µm) ≈ 0.13 and 0.021 for, respectively, the
western and eastern nuclei. These values are signifi-
cantly smaller than the optical depths of ∼ 1 advocated
in previous studies, meriting more detailed analysis of
the far-IR to millimeter wavelengths SEDs of the two
nuclei.
Figure 1 presents the photometric observations of the
different studies of Arp 220. The black diamonds repre-
sent the total flux from Arp 220, taken from the NED
database. References are in the figure caption. The
blue and red diamonds represent the observations of
Arp 220 West and Arp 220 East, respectively. The near
to mid-IR 3.46 to 24.5 observations were taken from
(Soifer et al. 1999), and the 430 to 2600 µm observations
were taken with the ALMA from (Scoville et al. 2017).
We adopted their correction for the synchrotron contri-
bution to the 2600 µm emission. Fluxes at longer wave-
3Figure 1. Photometry for Arp 220 used to con-
strain models in this paper. Red and blue symbols
are for the individual nuclei in observations with suffi-
cient resolution to distinguish them. The data, avail-
able in NED database, were compiled from the follow-
ing references: (Skrutskie et al. 2006; Sanders et al. 2003;
Dunne et al. 2000; Dunne & Eales 2001; Veilleux et al. 2009;
Soifer et al. 1989; Brown et al. 2014; Klaas et al. 2001;
Spinoglio et al. 1995; Rangwala et al. 2011; Brauher et al.
2008; Fo¨rster Schreiber et al. 2004; Moshir & et al. 1990;
Eales et al. 1989; Surace et al. 2000; Matsushita et al. 2009;
Chini et al. 1986; Mart´ın et al. 2011; Rigopoulou et al. 1996;
Sakamoto et al. 2009; Catalano et al. 2014; Imanishi et al.
2007; Lahuis et al. 2007; Spinoglio et al. 2002; Anto´n et al.
2004; Carico et al. 1992; Sargsyan et al. 2011; Gorjian et al.
2004; Thronson et al. 1987; Leroy et al. 2011; Truch et al.
2008; Zhang et al. 2014; Benford 1999; Weedman & Houck
2009; Brauher et al. 2008)
lengths are dominated by synchrotron radiation and
were not considered in the fit to the thermal emission
from the two nuclei.
3. MODEL DESCRIPTION
The primary input parameters that determine the IR
emission from an optically thick cloud are its morphol-
ogy, the nature and spatial distribution of the heating
sources, and the dust composition.
The spectrum from an IR-thick dusty source is repre-
sented by that of a blackbody, and proportional to its
area, so that all information on the dust mass giving rise
to the emission is lost. However, most sources have an
extended density profile. The optically thick region is
then surrounded by an optically thin region, whose dust
mass can be determined. If the optically thin region is
part of a well defined density profile, then the mass of
dust in the optically thick region can be inferred from
knowledge of its mass in the outer thin region. This
is the underlying principle allowing us to infer the dust
mass in the optically thick nuclei of the galaxy.
We fit the SED of the west and east nuclei with two
emission components, a cold component to fit the emis-
Figure 2. A schematic figure showing the geometry and
coordinate system used in the model.
sion at wavelengths longer than 20 µm, and a warm
component to fit the shorter wavelengths.
The cold component was taken to consist of a dusty
sphere with either a uniform, an exponentially decreas-
ing, or a power law dust density profile given, respec-
tively, by
ρd(r)=ρ0 (1)
=ρ0 exp(−r/a) (2)
=ρ0 (r/r0)
−α (3)
The characteristic density, ρ0 in each case is determined
by the total dust mass,
Md =
∫ R
0
4π ρd(r)r
2 dr (4)
where R is the radius of the sphere. The dust mass
column density, Σd is given by
Σd =
∫ R
0
ρd(r) dr (5)
For each of these density profiles we considered three
different temperature profiles. A uniform temperature
profile, an exponentially decreasing one with the same
scale length as the density profile, and a temperature
profile characterized by an r−1/2 power law. The first
two profiles follow the spatial distribution of the dust in
the appropriate cases, which is expected when the dust
is heated by embedded stellar sources that are closely
tied to the mass of the ambient dusty medium. The
power law temperature distribution assumes that the ra-
diation emerging from each radius within the sphere can
be characterized by a blackbody at temperature Td and
that, to first order, the total flux, ∝ r2 T 4d , is conserved
across each radius of the sphere. Such a temperature
4Figure 3. Left panel: The value of the dust mass absorption coefficient κ(λ) for the three different dust compositions used
in the paper. Right panel: The total mass absorption coefficient for the different compositional combinations of silicates and
carbon dust.
distribution is expected from dust that is heated by a
central source.
For sake of brevity we labeled each model by an ab-
breviated symbol DxTy, where either ”x” or ”y” take
on the values of {u, e, p} for uniform, exponential or
power-law, respectively, and the ”D” and ”T” refer to
the quantity in question, density or temperature, respec-
tively. So a model designated as DeTp is characterized
by an exponential density profile and a power-law dis-
tribution of dust temperatures. We fit the data with all
possible density and temperature profile combinations,
even though some combination are unphysical. For ex-
ample, a uniform temperature profile requires the dust
heating sources to be uniformly mixed throughout the
region, which is not realistic for a source with an expo-
nential or power law density profile.
The unabsorbed emission from a volume element dV
of dust located at distance r from the center of the
sphere and radiating at temperature Td is given by
dLν(λ) = 4 ρd(r) dV π Bν(λ, Td)κ(λ) . (6)
For integration over the spherical distribution we
choose a cylindrical coordinate system {b, z, θ} (see Fig-
ure 2), where θ is the angle of rotation in the xy plane
(not shown in the figure). The observer is located at a
distance, D ≫ R, along the negative z axis. The volume
element in this system is given by dV = db dz b dθ.
The total emission from the cylinder is given by the
integral
dLν(λ, b) = 8πb db
∫ zb
−zb
πBν [λ, Td(r)] e
−τ(z,λ)κ(λ) ρd(r) dz
(7)
where zb = |(R
2 − b2)1/2|, r = (z2 + b2)1/2, and
τ(z, λ) = κ(λ)
∫ z
−zb
ρd(r) dz (8)
To characterize the optical properties of the source, we
define the optical depth along the z-axis between the
observer and the layer at distance r from the center,
τ(r, λ), as
τ(r, λ) = κ(λ)
∫ r
−R
ρd(z) dz , (9)
and the radial optical depth, τR(λ), of the sphere along
the z-axis as
τR(λ) ≡ τ(0, λ) = κ(λ)
∫ 0
−R
ρd(z) dz , (10)
Initial calculations showed that the short wavelength
emission and strong 10 µm absorption feature could not
be reproduced by the smooth dust emission component
giving rise to the cold emission. We therefore assumed
the existence of a separate component giving rise to the
short wavelength emission. The lack of any significant
UV-optical emission from the galaxy suggested that any
stellar or AGN emission is absorbed by a UV-optically
thick dust and reradiated at IR wavelengths. We as-
sumed that the absorbing dust is optically thick at IR
wavelengths as well. The warm component was there-
fore taken to consist of a central source with a black-
body of radius Rbb and a dust temperature Tbb, and
intervening cold dust characterized by an optical depth
τcold(λ) = κ(λ)Σd, where Σd is the mass surface density
of the intervening dust. We assumed that any reradi-
ated emission from the intervening dust makes a negli-
gible contribution to the emission from the galaxy. The
emission from the warm component is then given by
Lν(λ) = 4π R
2
bb πBν(λ, Tbb) e
−τcold(λ) (11)
The model of each nucleus is thus characterized by 6 pa-
rameters: Md, Td, X,Rbb, Tbb,Σd, where the parameter
5X is equal to R, the radius of the sphere with the uni-
form or the power law density profile, or equal to a, the
scale length of the sphere with the exponential density
profile. The diffuse emission component was assumed
to arise from an optically thin distribution of dust with
mass Md, radiating, at a single dust temperature Td:
Lν(λ) = 4Md π Bν(λ, Td)κ(λ) . (12)
We considered the dust composition in the nuclei and
the diffuse medium to consist of a mixture of either sili-
cate and amorphous carbon (SIL+ACAR) or a mixture
of silicate and graphite (SIL+GRF) grains. We adopted
a silicate-to-carbon dust mass ratio of 4:3, representing
that of the dust in the local interstellar medium (ISM)
of the Milky Way (Zubko et al. 2004). Figure 3 (left
panel) shows the value of the dust mass absorption co-
efficient for each of the dust compositions considered
in the paper. The right panel of the figure shows the
mass absorption coefficient for the two adopted dust
mixtures. The value of κ is largely independent of the
grain size, since at all wavelengths and grain radii of
interest, (λ & 1 µm, agr . 1 µm) the size parame-
ter, x = 2πagr/λ, is in the Rayleigh region in the Mie
calculations. We also constrained the relative temper-
atures of the silicate and carbon dust. Exposed to, or
immersed in, the same radiation field, the silicate and
carbon (ACAR or GRF) grains attain different temper-
atures with an approximate silicate-to-carbon tempera-
ture ratio of 1:1.25 (Zubko et al. 2004). All dust tem-
peratures quoted in this paper correspond to that of the
silicate dust component.
4. MODEL RESULTS
Model fits to the data show that the component giv-
ing rise to the long wavelength (λ > 20 µm) emission
for both nuclei was best represented by a sphere with an
exponential density profile. However, with this density
profile, several different temperature distributions gave
similarly good fits to the observed SED. To discrimi-
nate between these temperature profiles we also calcu-
lated the expected (beam-convolved) brightness profiles
for each model at 2600 µm and compared to the observed
intensity profiles presented by (Scoville et al. 2017, Fig-
ure 1). The results are shown in Figure 4. The flux
conserving Td(r) ∼ r
−0.5 profile (model DeTp) provided
the best fit to the west nucleus. However, the east Nu-
cleus was best represented by the (non-physical) uniform
temperature distribution (model DeTu). Despite this,
we adopted model DeTp as the representative model for
the east nucleus as well, since observed elongation of the
east nucleus may account for discrepancies between the
observed brightness profile and the one predicted by a
spherical model. Both the DeTp and DeTu models pro-
vide similarly good fits to the SED of the east nucleus.
Figure 5 presents the best fitting physical model to
the data for each nucleus. The results for the east and
west nuclei are presented in the left and right column,
respectively. The top row shows the fit to the spectra
with the contribution to the cold and warm components
represented by green and red curves, respectively.
The middle row shows the dependence of the radial
opacity τR(λ), defined in eq. (10) as a function of wave-
length. The figure shows that the west and east nu-
clei are optically thick at wavelengths λ ≤ 1890 and
λ ≤ 775 µm, respectively. It is customary to compare
the optical depth of some astronomical sources, e.g. su-
pernovae interiors (Clayton 1974) or the Arp 220 nuclei
(Scoville et al. 2017), to that of a slab of concrete. We
find that the radial optical depth to the nuclei at these
wavelengths is equivalent to that of ∼ 1 cm thick slab of
concrete with a dust mass column density of ∼ 3 g cm−2
at millimeter wavelengths.
The bottom row depicts τ(r, λ), defined as the inter-
vening radial optical depth between the dust layer at
radius r and the observer (see eq. (9)). The figure il-
lustrates the depth to which the source can be probed
at different wavelengths. It shows that the sources are
mostly transparent at 2600 µm. The west nucleus can be
probed down to radii of 84, 76, and 56 pc at 10, 20, and
60 µm, respectively, until a surface of unit optical depth
is encountered, and the east nucleus can be probed down
to radii of 92, 87, and 70 pc at these wavelengths, respec-
tively. The radial optical depths at 2600 µm are 0.09 and
0.72 for the east and west nuclei, respectively. These val-
ues are consistent with those derived by (Scoville et al.
2017). The parameters of the fit, Md, Td, a of the west
and east nuclei are listed in Table 1.
The parameters of the fit to the warm emission com-
ponent, Rbb, Tbb and the mass column density of the in-
tervening cold dust, Σd are also listed in Table 1. The
mass column density required to create the silicate ab-
sorption feature is about 103 lower than that attenuating
the nuclear emission. The warm component could there-
fore be a single intervening clump of dust along a rela-
tively transparent line of sight to the source. Since the
geometry of the intervening dust is unknown, one can-
not derive its mass. The total luminosity absorbed by
the intervening dust is given by Lbb−Ld ≈ 4× 10
10 L⊙,
where Ld is the observed IR luminosity emitted at wave-
lengths . 40 µm. We assumed that the absorbed emis-
sion makes a negligible contribution to the total SED of
the galaxy.
5. ASTROPHYSICAL IMPLICATIONS
6Figure 4. Comparison of the beam-convolved 2600 µm intensity profiles (solid lines) to observation (diamond symbols). The
parameter b is the impact parameter (Fig. 2). The solid black line is the profile of the convolution kernel or beam.
Table 1 lists several derived properties from the spec-
tral fits that have important implications for the mor-
phology of the Arp 220 nuclei, the nature of their heat-
ing sources, and the composition and survival of dust in
galaxy mergers.
5.1. Dust masses and Dust-inferred gas masses
Dust masses in our models were derived using the opti-
cal properties of known astrophysical constituents. The
total dust mass in the galaxy is about 1.3×108 M⊙, simi-
lar to the estimate of ∼ 108 M⊙given by Rangwala et al.
(2011). The derived dust masses can be used to estimate
the associated mass of molecular plus atomic gas. For
a dust-to-H mass ratio of 0.007, the inferred gas masses
are 2.6 × 109 and 4.9 × 109 M⊙ for the west and east
nuclei, respectively, and 1.1 × 1010 for the diffuse com-
ponent of the galaxy.
These dust derived gas masses are significantly higher
than the mass of the molecular gas derived from CO ob-
servations. Using a CO to H2 conversion factor of X =
0.8M⊙(K km s
−1 pc2)−1, Wheeler et al. (2020) derived
H2 masses of (0.8−2.4)×10
9 and (0.4−0.8)×109 M⊙ for
the west and east nuclei respectively. These values are
similar to the values of > 1.4× 109 and > 0.4× 109 de-
rived by Scoville et al. (2017) who may, however, used a
higher X-factor for the CO to H2 mass conversion. The
higher dust-inferred gas masses suggest that a fraction
of the gas in the nuclei may be in atomic form, much
more so in Arp 220 East. Alternatively, if we take the in-
ferred H2 mass as the representative gas mass, then the
dust-to-H mass ratio, ZdH , for the west and east nuclei
is 0.011 and 0.082, respectively, significantly higher than
the value 0.007 in the local ISM.
5.2. Luminosities
The morphology and temperature distribution of the
nuclei suggests that they are powered by a central
source, which could be either an accreting BH or an
active region of star formation. Figure 6 compares the
fluxes from the nuclear regions of the galaxy to the to-
tal observed SED. The diffuse emission component is
obtained by fitting the total SED after subtraction of
the contributions from the east and west nuclei. At
wavelengths longer than 30 µm it can be fitted with
a SIL+ACAR mixture of dust radiating at a tempera-
ture of 40 K and a luminosity and dust mass of about
9.5 × 1011 L⊙ and 8 × 10
7 M⊙, respectively. The to-
tal luminosity of Arp 220 is 1.9 × 1012 L⊙, similar
to the value of (1 − 2) × 1012 L⊙ derived in previ-
ous studies (e.g. Sanders et al. 2003; Armus et al. 2009;
Wilson et al. 2014; Scoville et al. 2017). The luminos-
ity of the west nucleus is consistent with the lower limit
of 3× 1011 L⊙ obtained by Sakamoto et al. (2008), and
almost identical to the value of 6.3× 1011 L⊙ obtained
by Wilson et al. (2014). The luminosity of the east nu-
cleus is consistent with the ∼ 1/3 of the total luminosity
allocated by Scoville et al. (2017) to this source.
Most of the IR luminosity from Arp 220 arises from
the diffuse circumnuclear region. The equilibrium tem-
perature from the diffuse component is about 40 K,
about twice as high as that of the dust in the local dif-
fuse ISM. The average luminosity per unit mass in the
diffuse medium of Arp 220 is ∼ 90 L⊙/M⊙, about 15
times higher than the average value of 6 L⊙/M⊙ in the
molecular clouds in the Milky Way (Hauser et al. 1984).
5.3. Star formation rates
These luminosities can be converted into star forma-
tion rates (SFR), provided that they are powered by star
formation activity. The average luminosity expended in
the formation of 1 M⊙ of stars per year depends on the
stellar initial mass function (IMF) and the age of the
starburst, and is equal to ∼ 1.1× 1010 L⊙ for a Kroupa
IMF and a starburst age of 100 Myr (Dwek et al. 2011).
If the radiated IR emission is powered by star forma-
tion then the inferred SFR for the east and west nuclear
7Figure 5. Results of the best fit models to the data for Arp 220 East and West. Shown are the spectral fits (top row), the
wavelength dependence of the radial opacity τR(λ) (middle row), and radial dependence of the intervening opacity τ (r, λ) from
r to the observer (bottom row). The fits required a dust composition consisting of SIL+ACAR dust for the west, and one
consisting of SIL+GRF dust for the east nucleus.
components and the diffuse medium are 32, 53, and (46–
62) M⊙ yr
−1, respectively. These values are consistent
with the value of ∼ 100 M⊙ yr
−1 for the whole galaxy
(Scoville 2003). Given these SFRs, the gas reservoir in
the nuclei will be consumed in about 20–100 Myr, de-
pending on the adopted gas mass.
An important quantity characterizing the nature of a
star forming region is its L/M ratio. A star forming
region is fueled by the collapse or infall of ambient gas.
However, in an extremely dusty environment the accre-
tion of gas can be halted by the stellar radiation pressure
on the infalling dust. The parameter β is defined as the
ratio of the radiation force to the gravitational force on
a grain, where β = 1 corresponds to the Eddington lim-
ited luminosity for accretion
β ≡
Fpr
Fgrav
=
[
L
4πR2 c
πa2Qpr
]
×
[
GmM
R2
]−1
=
(
L
M
)
κpr ZdH
4πGc
, (13)
where L and M are the luminosity and mass of the star
forming region, G is the gravitational constant, m the
mass of an infalling parcel of gas,
Qpr = Qabs +Qsca [1− 〈cos(θ)〉] (14)
is the radiation pressure efficiency of the dust, where
〈cos(θ)〉 is its scattering asymmetry parameter, and
κpr = πa
2Qpr/mgr is the radiation pressure mass ab-
sorption coefficient. The value of 〈cos(θ)〉 is equal to -1,
0, +1 for completely backscattering, isotropically scat-
tering, and completely forward scattering grains.
Infall is halted if β > 1, or
L
M
>
(
L
M
)
Edd
≡
4πGc
κpr ZdH
. (15)
The effective value of κpr depends on the radiation field
acting on the dust. In optically thin layers most of the
radiation pressure will be provided by direct starlight.
At visible wavelengths κpr ≈ 230 cm
2 g−1. However,
in optically-thick regions the radiation pressure will be
8Figure 6. Left panel: A comparison of the model spectra to the observations. The blue and red curves represent the sum of
the warm and cold components to the emission from the west and east nuclei, respectively. The green curve is the total emission
from the nuclear region. The blue, red and black diamonds are as in Figure 1. The black line is the fit to the total SED at
wavelengths > 40 µm. Right panel: Same total photometry as the left panel with the combined nuclear and diffuse fluxes,
shown in green and brown colors, respectively.
provided by dust-reprocessed starlight at near- to mid-
IR wavelengths (Crocker et al. 2018). The value of κpr
ranges from 5 to 10 cm2 g−1 in the 5 to 20 µm wave-
lengths region. All above values for κpr were calcu-
lated for a dust-to-H mass ratio of 0.007 and a 4:3
mass ratio of 0.1 µm radius silicate to carbon grains.
Scoville et al. (2017) adopted a value of κ ≈ 10 cm2 g−1
at near-IR wavelengths. The limiting L/M ratio at vi-
sual (0.55 µm), 10, and 20 µm spans a large range of
values given (in solar units) by
(
L
M
)
Edd
≈ 55, 1300, and 2800
at 0.55, 10, and 20 µm (16)
Deriving a more accurate value for (L/M)Edd is much
more complicated, requiring a detailed radiative trans-
fer model to derive the radiation pressure on the dust
throughout the gas.
The observed L/M ratio is somewhat uncertain pri-
marily because of the mass in the disk. The average
luminosity of a nucleus is ∼ 4.5× 1011 L⊙. If the IR lu-
minosity is completely generated by the accretion on a
central BH, then the central mass is about 107 M⊙(see
Section 5.7), giving a L/M value of 4.5 × 104, in so-
lar units. If all the IR luminosity is powered by star
formation activity then the disk mass is given by the
dynamical stellar mass of the system. The estimate for
this mass ranges from 8×108 M⊙ for a point-like stellar
distribution to 1.5 × 109 M⊙ for an extended disk-like
distribution. Following Scoville et al. (2017), we adopt
a value of 109 M⊙ for the mass. The resulting L/M
value is then 450, compared to their value of 500.
The observed L/M ratio is smaller than that for an
optically-thick star forming region. Radiation pressure
is therefore not the dominant force driving the observed
gas outflows from the nuclei, which must therefore be
mostly driven by stellar winds and SN shock waves
(Paggi et al. 2017).
5.4. [C II]as a SFR tracer in optically thick systems
The detection of the [C II]158µm fine structure line in
the eastern nucleus of Arp 220 provides an opportunity
to examine the applicability of this line as a tracer of
the SFR in this region. The [C II] line correlates with
other [Ne II]12.8µm and [Ne III]15.6µm cooling lines that
arise from H II regions, and with the total IR luminos-
ity in normal SF galaxies. The [C II] luminosity has
therefore been suggested as tracer of the SFR in galax-
ies (Kennicutt & Evans 2012, and references therein).
However, observations have shown a trend of increasing
[C II] deficit with IR luminosity, especially in ULIRGs
(Malhotra et al. 2001; Luhman et al. 2003). The defi-
ciency has been attributed to a high FUV flux-to-gas
density ratio, expressed as G0/n (Hollenbach & Tielens
1997; Malhotra et al. 2001); a high ionization parameter
U , defined as the ratio of the hydrogen-ionizing photon
density-to-hydrogen density (Gracia´-Carpio et al. 2011;
Fischer et al. 2014); or the effect of dust obscuration
(Farrah et al. 2013; Dı´az-Santos et al. 2013). These in-
terpretations were challenged by Sargsyan et al. (2014)
who claimed that the deficit does not reflect the de-
crease of the [C II]-to-starburst generated luminosity,
but rather the increased contribution of an AGN to
the total IR luminosity. Their conclusion is based
on the fact that the more luminous IR sources with
LIR & 10
12 L⊙ have also weak PAH and [Ne II] and
[Ne III] line emission, indicating that they are harboring
an AGN. Since the near- and mid-IR emission arises pri-
marily from hot AGN-heated dust, they suggested the
9L([C II]) to the νLν(158 µm) continuum ratio, which
arises from cooler dust heated by active star formation,
as an alternate tracer of the SFR in galaxies with mixed
AGN and starbursts (SB) as power sources. Based
on various calibrators, Sargsyan et al. (2014) derived a
L([C II])-to SFR conversion factor given by log(SFR) =
log(L[C II])−7.0 ± 0.2, where the SFR and L[C II]) are
in units of M⊙ yr
−1 and L⊙, respectively.
None of their arguments are applicable to systems that
are optically thick at far-IR wavelengths. All PAH and
fine structure lines are extinguished by dust, with opaci-
ties that increase with decreasing wavelengths. Further-
more, at the optical depths encountered in the nuclei
of Arp 220, AGN as well as SB will contribute to the
IR emission across all wavelengths. The total luminos-
ity in the [C II] line from the eastern nucleus is about
8.2× 107 L⊙(Samsonyan et al. 2016)
1, giving a SFR of
8.2+4.7
−3.0 M⊙ yr
−1, compared to the value of 32 M⊙ yr
−1
derived here from the total IR luminosity. This large dis-
crepancy is consistent with the fact that the [C II] line
is heavily obscured. Figure 5 shows that the 158 µm
radial optical depth for the east nucleus is ∼ 25, and
the line can only be probed down to a radial distance of
about 45 pc. The [C II] line intensity can therefore not
be used as an indicator for the star formation activity
taking place in the center of the nucleus.
5.5. Surface densities
Important quantities that shed light on the nature of
galaxies are the surface densities of the luminosities, the
SFR, and the gas mass. We define the effective area
for calculating these quantities as the area from which
half the sources’ luminosity is emitted. Figure 7 shows
the cumulative fraction of the observed nuclear lumi-
nosity as a function of the impact parameter b. The
figure shows that half of the sources’ luminosities origi-
nate within radii R1/2 of 53, and 59 pc for the west and
east nucleus, respectively.
The luminosity per unit area, ΣL, calculated for the
area π R21/2, is 3.3×10
13 and 3.2×1013 L⊙ kpc
−2, for the
west and east nuclei, respectively. The corresponding
SFR per unit area, ΣSFR = ΣL/1.1× 10
10, and the gas
mass surface density, are listed in Table 1.
Thompson et al. (2005) studied the conditions that
will lead to a stable star forming disk in which radi-
ation pressure on the dust supports the disk against
gravity. In optically thick star forming regions the rela-
tion between the luminosity and the SFR breaks down
when the luminosity exceeds the Eddington luminosity
1 https://cassis.sirtf.com/herschel
Figure 7. The fractional luminosity emerging from the pro-
jected area within the impact radius b. Half the luminosity
from Arp 220 East and West originates within a radius of 59
and 53 pc, respectively.
for dust. The Schmidt-Kennicutt relation is then mod-
ified by the disk opacity τ so that ΣSFR ∝ Σgas/τ .
(Thompson et al. 2005). The resulting characteristic
surface densities required to stabilize the disk are ΣL ≈
1013 L⊙ kpc
−2, ΣSFR ≈ 10
3 M⊙ yr
−1 kpc−2, and a
dust temperatures of ∼ 90 K (Thompson et al. 2005).
These values are close to those of the two nuclei, sug-
gesting that radiation pressure plays an important role
in limiting the fueling of the star formation activity in
the nuclei.
5.6. Metal and dust enrichment by supernovae
The potentially large dust-to-H mass ratios in the nu-
clei raises the possibility that this dust and associated
metal enrichment, could have been caused by supernova
activity. From the observed luminosities and inferred
SFR of the various components, we can derive the av-
erage supernova rate (SNR). The mass of stars formed
per SN event is 90 M⊙ for a Kroupa stellar initial mass
function (IMF) (Dwek et al. 2011). The average super-
nova rate (SNR) in the nuclei is therefore ∼ 0.5 yr−1.
Using the nucleosynthesis yields of (Woosley & Heger
2007), the IMF-averaged mass of metals (all elements
heavier than helium) injected by SNe is about 4 M⊙,
of which 0.6 M⊙ are locked up in dust. If all the dust
survives its injection into the ambient medium, then the
average metal and dust enrichment rates are about 2
and 0.3 M⊙ yr
−1, respectively. The total mass of heavy
elements and dust injected into the ISM in a period of
107 yr is then about 2×107 M⊙ and 3×10
6 M⊙, respec-
tively. SN ejecta can therefore play an important role
in the enrichment of the ambient gas. However, these
masses represent upper limits on the metal and dust
enrichments, since a significant mass of SN produced
metals and dust can be ejected from the nuclei by the
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hot outflows, and a significant fraction of the dust mass
can be destroyed by shocks in the violent starburst en-
vironment.
5.7. The obscured black hole
So far we have assumed that all the luminosity is pow-
ered by star formation in the center of the two nuclei.
If the luminosity is powered by an accreting black hole
(BH), then the paucity of observed hard X-rays from
the nuclei suggests that it must be deeply enshrouded
by a large column density of gas (Iwasawa et al. 2005,
and references therein). The hydrogen column density,
as inferred from the infrared observations, is given by
NH =
τR(λ)
ZdH mH κd(λ)
(17)
At 100 µm the dust mass absorption coefficient is equal
to 41 cm2 g−1, and almost identical in value for both the
compositional mixes in the nuclei (Fig. 3, right panel).
The radial optical depth of the two nuclei at this wave-
length is 37.5 and 62.7 for the west and east nuclei, re-
spectively. For a dust-to-H mass ratio of 0.007 the value
of NH is equal to 7.9×10
25 and 1.3×1026 cm−2, for the
west and east nuclei, respectively. These column densi-
ties are comparable to those derived by Scoville et al.
(2017). They are well above the minimum value of
∼ 1025 cm−2 required to account for the paucity of hard
X-ray photons.
The mass of a BH accreting at the Eddington lumi-
nosity (Rybicki & Lightman 1986) is given by MBH =
3 × 106 L11 M⊙, where L11 is the IR luminosity in
units of 1011 L⊙. The accretion rate is given by
M˙ = 2.3 × 10−9 ǫ−1MBH M⊙ yr
−1, where the BH
mass is in solar unit, and ǫ is the radiative efficiency
of the accretion process. For an average IR luminosity
of ∼ 4.5× 1011 L⊙, the BH mass is about 1.3× 10
7 M⊙,
with a current accretion rate of 0.11M⊙ yr
−1 for ǫ = 0.3.
The accretion lifetime is about 130 Myr, depleting half
the reservoir of gas in 90 Myr.
5.8. The nature of the warm dust component
The need for two distinct components to fit the entire
IR to submillimeter SED suggests that a single contin-
uous distribution of dust density, whether uniform, ex-
ponential or power law cannot fit both the long and
short wavelength emission, especially the 10 µm ab-
sorption features observed in the two nuclear regions of
the galaxy. However, the need for two distinct compo-
nents does not imply the presence of two distinct heating
sources, but rather illustrates the complex morphology
of the nuclei. For example, the 10 µm absorption feature
could represent a line of sight that probes a deep layer of
the source, where the dust temperature is around 320 K,
which has an intervening column density of cold dust
that gives rise to the 10 µm absorption feature.
5.9. Dust compositions
An interesting result was the need for different com-
binations of the dust compositions to fit the long
wavelength emission from the two nuclei. The spec-
trum of Arp 220 West has a shallower λ−2.4 wave-
length dependence, compared to the λ−3.1 dependence
of Arp 220 East. In principle one could fit both nuclei
with the same combination of SIL+GRF grains and add
a cold dust component to Arp 220 West. However, such
dust component will require > 109 M⊙ of dust radiating
at temperatures around ∼ 3 K to fit the flatter spectrum
of the west nucleus. The difference in the nature of the
carbonaceous dust component in the two nuclei is un-
clear, with different nucleation environments or cosmic
ray exposure histories of the two galaxies as possible
explanations.
6. SUMMARY
Our analysis has provided new physically derived esti-
mates of the dust masses, luminosities, and dust temper-
atures in the nuclear and diffuse circumnuclear compo-
nents of Arp 220. We find that the nuclear regions are
deeply shrouded in dust with radial optical depths of
unity at 1890 and 775 µm for the west and east nucleus,
respectively.
It has revealed a significant discrepancy between the
dust inferred gas mass and the CO inferred molecular
gas mass, suggesting significantly larger dust-to-H mass
ratios in the nuclei compared to that in the local ISM,
or the presence of atomic gas that is undetected by the
CO observations.
Supernovae can make a significant contribution to
the observed metallicity and dust content of the nu-
clei. However this contribution may be limited by stellar
winds and dust destruction processes.
The central sources powering the IR emission from
the two nuclei are embedded in a region with a large
H-column density of ∼ 1026 cm−2, with an exponen-
tial density profile. However, the nature of the central
sources cannot be determined from our analysis. An av-
erage SFR of ∼ 50 M⊙ yr
−1 can generate the observed
IR luminosity from each nucleus and consume its ambi-
ent gas reservoir in about 10 Myr.
The observed [C II] emission from Arp 220 East is
heavily obscured and only arises from the outer region of
the nucleus. It can therefore not be used as a calibrator
of any star formation activity in its center.
The average nuclear L/M ratio is smaller than the Ed-
dington limit for a dusty star forming region suggesting
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that the observed outflows are not driven by radiation
pressure. However, the observed luminosity and SFR
surface densities are close to the theoretical values re-
quired to counteract the effects of gravity by radiation
pressure on the dust.
Alternatively, deeply obscured accreting black holes
with average masses of ∼ 1 × 107 M⊙ can give rise to
the observed luminosity from each nucleus. With a ra-
diative accretion efficiency of 0.3 its accretion lifetime
is about 130 Myr, depleting half the reservoir of gas in
each nucleus in about 90 Myr.
The short lifetime of the IR activity in Arp 220 is
an important factor in determining the number of such
superluminous system in the universe.
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Table 1. Summary of the best-fit parameters for the two nuclei and the diffuse
emission components of Arp 220
East (DeTp) West (DeTp) Diffuse
(SIL+GRF) (SIL+ACAR) (SIL+ACAR)
cold component
Md [M⊙] 3.4× 10
7 1.8× 107 ∼ 8.0× 107
Td [K] 171 199 ∼ 40
a [pc] 13.9 12.9 · · ·
Ld [L⊙] 3.5× 10
11 5.8× 1011 ∼ 9.5× 1011
R1/2 [pc] 59 53 · · ·
τR(2600 µm) 0.09 0.72 · · ·
NH [cm
−2] 1.3× 1026 7.7× 1025 · · ·
SFR [M⊙ yr
−1] 32 53 46 – 62
SNR [yr−1] 0.36 0.59 0.5 – 0.7
λ(τ = 1) [µm] 775 1890 · · ·
Mgas [M⊙] 4.9× 10
9 2.9× 109 ∼ 1.1× 1010
Ld/Mgas [L⊙/M⊙] 71 242 · · ·
Σgas [M⊙ pc
−2] 4.5× 105 2.9× 105 · · ·
MH2 [M⊙] (0.4− 0.8) × 10
9 (0.8− 2.4) × 109 · · ·
ΣH2 [M⊙ pc
−2] 5.5× 104 1.8× 105 · · ·
Ld/MH2 [L⊙/M⊙] 583 320 · · ·
ΣL [L⊙ kpc
−2] 3.2× 1013 3.3× 1013 · · ·
ΣSFR [M⊙ yr
−1 kpc−2] 2900 3000 · · ·
warm component
Rbb [pc] 1.7 1.7 · · ·
Tbb [K] 307 338 · · ·
Σd [g cm
−2] 2.3× 10−3 1.5× 10−3 · · ·
Lbb [L⊙] 4.6× 10
10 6.8× 1010 · · ·
Ld [L⊙] 1.1× 10
10 2.3× 1010 · · ·
τ (10 µm) 4.2 3.1 · · ·
τ (20 µm) 1.45 1.00 · · ·
Note— Dust temperature for the West nucleus corresponds to the central value
in the exponential profile. R1/2 is the radius of the area giving rise to half of the
observed luminosity (Fig. 7); τR(2600 µm) is the radial optical depth at 2600 µm
(eq. (10)); NH is the radial H-column density derived from eq. (17); Star forma-
tion rates (SFR) were derived from the luminosities for a Kroupa IMF L/SFR
ratio of 1.1×1010 for the nuclei, and a ratio of (1.53−2.08)×1010 L⊙/M⊙ yr
−1
for the diffuse component. Supernova rates (SNR) were derived from the SFR for
an IMF-averaged star or 90 M⊙ per SN event. Surface densities are calculated
for the area of piR21/2, Mgas is the dust inferred gas mass for a dust-to-gas mass
ratio of 0.007. MH2 is the CO inferred mass of molecular gas for an X factor of
0.8 (Wheeler et al. 2020).
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